Changes in the foveal anatomy during infancy are an important component in early development of spatial vision. The present longitudinal study in rhesus monkeys was undertaken to characterize the postnatal maturation of the fovea. Starting at four weeks after birth, the retinas of the left eyes of sixteen infant monkeys were imaged using spectral domain optical coherence tomography (SD OCT). Retinal scans were repeated every 30 days during the first year of life and every 60 days thereafter. Volume scans through the fovea were registered, scaled using a three surface schematic eye, and analyzed to measure foveal pit parameters. The individual layers of the retina were manually segmented and thicknesses were measured over a transverse distance of 1250 microns from the center of the foveal pit. Based on infrared scanning laser ophthalmoscope (IR SLO) images acquired with the SD OCT system, there were significant changes in the extent of the retina scanned as the eyes matured. Using a three-surface schematic eye, the length of each scan could be computed and was validated using image registration (R 2 ¼ 0.88, slope ¼ 1.003, p < 0.05). Over the first 18 months of life, the mean retinal thickness at the pit center had increased by 21.4% with a corresponding 20.3% decrease in pit depth. The major changes occurred within the first 120 days, but did not stabilize until a year after birth. In Macaca mulatta infants, the primary anatomical maturation of the fovea occurs within the first few months of life, as determined by longitudinal data from SD OCT measurements. The timelines for maturation of the fovea correspond well with the normal development of the lateral geniculate nucleus, cortical neurophysiology, and spatial resolution in monkeys.
Introduction
In primates, the visual system is relatively immature at birth, with high contrast visual acuity often measuring less than 5 cycles per degree (cpd) in both humans and monkeys, compared to acuities of 30e40 cpd in adults (Boothe et al., 1985; Kiorpes and Movshon, 1998; Movshon et al., 2005; Norcia et al., 1990; Ordy et al., 1965; Teller, 1997) . The visual system improves rapidly over the first few months of life in both species, at about the same species-adjusted relative rate (Boothe et al., 1985 (Boothe et al., , 1988 , until adult-like levels are reached at about five years of age for children (Ellemberg et al., 1999; Mayer and Dobson, 1982; Teller, 1997) or 40 weeks of age for monkeys (Kiorpes, 1992; Kiorpes and Kiper, 1996) . The improvement of visual performance early in life has been attributed to changes in the eye's optics and retinal anatomy, along with neurologic maturation of the of afferent visual pathway (lateral geniculate nucleus and visual cortex, reviewed in Simona and National Research Council Committee on Vision (Simons and National Research Council (U.S.) . Committee on Vision., 1993) and Wener and Chalupa (Werner and Chalupa, 2004) ). The majority of investigations of early changes in visual optics and development of the fovea pit have been in old world monkeys, because of their similarity to humans.
Optical characteristics of the monkey eye have been measured and modeled by schematic eyes (Jacobs and Blakemore, 1988) , double-pass ophthalmoscopy (Williams and Booth, 1981) and wavefront technology (Ramamirtham et al., 2006) . These studies have shown that in primate eyes, the optical properties, including clarity and higher order aberrations, continue to improve up to 13e21 weeks of age. However, at birth the optics are relatively good and not considered a significant limit on visual resolution (Ramamirtham et al., 2006 Williams and Booth, 1981) . In contrast, changes in ocular biometry, including axial length, corneal curvature and crystalline lens parameters, all of which have a significant influence on retinal magnification, and hence spatial resolution, develop over longer periods of early life. Specifically, a combination of retinal magnification and cone spacing in the fovea pit predict a five-fold increase in spatial resolution during the first two years of life (Hendrickson and Kupfer, 1976; Jacobs and Blakemore, 1988; Packer et al., 1990) .
Resolution limits, based on photoreceptor characteristics and density in the fovea pit also have been investigated in the development of visual acuity. Although the future fovea of the monkey eye can be identified as early as fifty days post-conception (Hendrickson and Kupfer, 1976) , it is relatively immature at birth, with only a single or bilayer of cuboidal or columnar cone cells in the neonatal macaque foveal pit (Hendrickson, 1992; Provis et al., 1998; Springer and Hendrickson, 2004a) . The corresponding peak cone density at birth in monkeys is 31e41% (Hendrickson, 1992) , whereas in humans it is only 17% (Yuodelis and Hendrickson, 1986) that of the adult fovea (Hendrickson, 1993) . Within the first year after birth, peak cone density for monkeys increases from 43,000 cones/mm 2 to 210,000 cones/mm 2 (Packer et al., 1990) . In humans, cone density has been measured at 36,294 cones/mm 2 at 5 days postnatal, and increases to 108,439 cones/mm 2 by 45 months of age, but is still not adult like (208, 203 cones/mm 2 ) (Yuodelis and Hendrickson, 1986) . The increase in cone density does not represent active mitosis (La Vail et al., 1991; Yuodelis and Hendrickson, 1986) but is a direct result of cone migration as is evident by a decrease in the rod free zone (Hendrickson and Kupfer, 1976; Packer et al., 1990) . In addition the cone photoreceptors within the fovea become narrower and longer (inner segment diameter of 2 mm and 30e35 mm in length, while outer segments lengthen to 50e65 mm) (Hendrickson and Provis, 2006; Packer et al., 1990) .
These changes in the photoreceptors are thought to improve both the waveguide characteristics and efficiency of photon capture (Banks and Bennett, 1988; Wilson, 1988) . The retina can be assessed using non-invasive in vivo optical coherence tomography (OCT) imaging (Huang et al., 1991) . The feasibility of using this technology for imaging the infant eye has been demonstrated by several investigators (Dubis et al., 2012; Lee et al., 2015; Maldonado et al., 2011; Rosen et al., 2015; Vajzovic et al., 2012; Vinekar et al., 2015) , and several of these studies have investigated the maturation of the foveal region. However, the current understanding is primarily based on cross sectional data from histological (Hendrickson and Kupfer, 1976; Kiorpes et al., 2003; Packer et al., 1990; Springer and Hendrickson, 2005) and imaging studies that have only short follow-up times. Hence, to establish accurate fovea maturational rates and trends, data from multiple time points for a larger number of subjects are needed. Although OCT imaging in comparison to histology is limited by resolution (i.e. cannot resolve individual cells using conventional imaging), it allows for longitudinal follow up, with accurate change analysis of morphology and retinal layers. As with most optical retinal imaging methodologies, the accuracy of OCT transverse measurements is dependent on the optics of the eye. Although schematic eyes have been used to compute relative retinal magnification (Bengtsson and Krakau, 1992; Bennett et al., 1994; Garway-Heath et al., 1998; Holden and Fitzke, 1988; Jacobs and Blakemore, 1988; Littmann, 1982; Maldonado et al., 2010; Patel et al., 2011; Qiao-Grider et al., 2007) , they have not been validated in a growing non-human primate infant eye. The purpose of this study was to document the retinal layer changes in the maturing infant primate eye using OCT technology after compensation for changes in ocular magnification. Some of the findings were reported previously in abstract form (N Patel et al. IOVS 2009; 50 : ARVO E-Abstract 6207).
Methods

Subjects
The subjects for longitudinal follow up were sixteen healthy full-term infant rhesus monkeys (Macaca mulatta). Housing and rearing for the infants have been previously described (Hung et al., 1995; Smith and Hung, 1999; Smith et al., 2013) . For histological correspondence to OCT, 2 animals; an infant 10 days of age that was born full-term and a 6yr old young adult with no prior experimental intervention were used. All experimental and animal care procedures were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Houston. The use of animals for these experiments confirmed to National Institutes of Health guidelines for the care and use of laboratory animals.
Animals used for the longitudinal follow up were also subjects for studies of refractive error development (Huang et al., 2009; Smith et al., 2009a Smith et al., , 2009b Smith et al., , 2013 and, therefore, only the left, control eyes were used for analyses, i.e., eyes that had no optical manipulation that could interfere with normal post-natal development of the eye. High myopia secondary to form deprivation has been associated with retinal thinning (Abbott et al., 2011) , however, none of the subjects for this study developed excess myopia. Of the 16 animals in this study, 12 had selective hemi-field intervention in the right eye that did not exceed 3D, and 4 were normal controls with no optical intervention (details of refractive outcomes have been presented previously (Smith et al., 2009a (Smith et al., , 2013 (Smith et al., , 2010 ). Overall, there were no nasal temporal OCT structural asymmetries noted in any of the findings on the control eye data (see results section). The initial OCT macula scans were acquired around thirty days of age (36 ± 6 days) and, subsequently, every thirty days thereafter for the first year of life. After one year of age the eyes were scanned at sixty-day intervals until the animals were at least 1.5 years of age (627 ± 27 days).
Animal preparation
Animals less than a year of age were anesthetized with an intramuscular injection of ketamine (15e20 mg/kg) and acepromazine maleate (0.15e0.2 mg/kg), while animals over a year of age were administered ketamine (20e25 mg/kg) and xylazine (0.4e0.6 mg/kg). Body temperature was maintained between 37 and 38 degrees Celsius with a thermostatically controlled electric blanket (TC1000 temperature controller, CWE, Ardmore, PA). Heart rate and blood oxygen were monitored with a pulse oximeter (model 9847 V; Nonin Medical Inc, Plymouth, MN). Prior to imaging the retina, the pupils were dilated with topical tropicamide (1%) and phenylephrine (2.5%), and a plano-powered rigid gas permeable contact lens with similar back surface curvature as the cornea was placed on the eye to maintain optical clarity. Head stabilization was achieved using mouth and occipital bars attached to a rotational mount, enabling appropriate eye alignment for scanning.
Optical coherence tomography
All scans were acquired using the Spectralis OCT þ HRA (Heidelberg Engineering, Heidelberg, Germany) system. At high resolution setting, the infra-red scanning laser ophthalmoscope (IR SLO) captures frames at 5 Hz, whereas OCT A-scans are acquired at 40,000 Hz, with 1536 A-scans per 30 . Built in active eye tracking with this system minimizes eye movement artifact and allows for successive scan averaging, increasing the signal-to-noise ratio. The active eye tracking also makes this system ideal for follow up scans scanning identical regions overtime. However, in preliminary studies, due to eye growth and changes in ocular magnification, the instrument algorithm was unable to track the same region after approximately 90 days of age. For this study, images acquired and used for data analyses were high resolution IR SLO images of the optic nerve and fovea captured using a 30 scan angle without follow-up tracking. Although IR light from imaging systems is generally safe (Delori et al., 2007; Zuclich et al., 2007) , to minimize retinal irradiance to the SLO and SLD light sources, OCT scans were limited to a 37 line raster scan centered on the fovea covering a region 15 Â 20 , with averaging set at 9 frames.
Ocular biometry and relative retinal magnification
The normal development of anterior segment power and eye length of the infant eye results in changes in retinal image size, and transverse scaling of the retinal region scanned by imaging devices (Bennett et al., 1994; Littmann, 1982) . Specifically, as the eye lengthens, the area of the retina scanned increases when identical scan parameters are used. Several methodologies have been used to compute transverse retinal scaling (Bennett et al., 1994; GarwayHeath et al., 1998; Littmann, 1982; Sanchez-Cano et al., 2008; Wakitani et al., 2003) , but have not been validated in a growing eye. For this study a three surface schematic eye as described by Bennett and Rabbetts (1989) was constructed for each eye and scan session to determine changes in retinal image size/transverse scaling. In brief, this model includes corneal curvature, axial length, anterior chamber depth and lens thickness. The constructed schematic is then used to quantify the dimensions, in millimeters or micrometers imaged by the IR SLO and SD OCT scans using the scan angle and second nodal point to retinal plane (N'M') distance, assuming a spherical surface (Equation (1) 
Subsequently, the transverse scaling (mm/pixel) for each 20 Bscan consisting of 1024 A-scans was computed using equation (2).
Transverse Scalingðmm=pixelÞ
¼ 20 360 Â 2p À N 0 M 0 Á 1024 ¼ p À N 0 M 0 Á 9216(2)
Scaling validation
Changes in the extent of the retinal area imaged with eye development should correspond with those predicted by the schematic eye. To determine differences between schematic eye quantified and fundus image changes in retinal magnification, 30 IR SLO images centered on the optic nerve and fovea from a random scan date for each animal were used as baseline, and a baseline transverse scaling was computed using equation (1). The image series for each animal was subsequently registered to their respective baselines using a generalized dual bootstrap, iterative closest point algorithm (i2k retina, DualAlign, LLC, Clifton, NY) (Stewart et al., 2003) . Based on the change in image size (Fig. 1A) , the scaling for each scan date was determined using equation (3). 
Of the 195 scan dates, 188 scans of both optic nerve and fovea IR SLO images were successfully registered. Image scaling for fovea scans predicted by image registration was compared to that computed by the three surface schematic eye for each scan session (Fig. 1C) . There was good agreement between the two methodologies (slope ¼ 1.003, intercept ¼ À1.958, R 2 ¼ 0.88). In addition, to validate the registration technique, the square root of the registered scan's pixel content, corresponding to the length/width of the image, of both fovea and optic nerve IR SLO images were compared for all scan dates. Previous models of wide-field retinal imaging would predict minimal differences in retinal scaling for these two regions (Holden and Fitzke, 1988) . Similarly, there was good agreement for changes in image size for both optic nerve and fovea scans (Fig. 1D , slope ¼ 1.027, intercept ¼ À47.67, R 2 ¼ 0.98).
Segmentation and foveal pit morphology
OCT scans were exported as raw (.vol) files and all image analysis and quantification was performed using MATLAB (The Mathworks, Inc., Natick, MA) algorithms. Total retinal thickness was calculated from Bruch's membrane (BM) to the inner limiting membrane (ILM). In the majority of cases, instrument segmentation for the ILM was accurate, however, BM had to be manually delineated due to multiple failures in the native instrument based segmentation algorithm.
For detection and quantification of the foveal pit, thickness maps were considered flattened to the BM. Foveal pit shape characteristics were calculated after rescaling each thickness map to a 1:1 aspect ratio using the computed transverse scaling (equation (2)) and the instrument determined axial scaling (3.87mm/pixel). The starting point depth of the pit was determined as the difference between the regional maximum and minimum thickness. To determine the center, points intersecting the pit slope at heights corresponding to one-half to seven-eighths of the pit depth were determined at one micron intervals. For each interval a least squares best fit circle was fit to the intersecting points, and the centroid of these points was used as the center of the pit for all further calculations.
The shape and slope characteristics of the foveal pit were determined using twelve interpolated radial sections through the center of the fovea. The first derivative of the total retinal thickness for each section was used to determine slope information and locate the top and bottom of the pit. The maximum slope was located by the peaks of the thickness differential, while the top and bottom of the pit were determined as points on either side of the maximal slope that approached a slope of zero (Fig. 2B ). The pit depths reported are the thickness differences between the top and bottom of the pit. Based on the thickness contour, points corresponding to top and bottom of the pit were fit with least squares best fit circles. Similarly, points corresponding to the maximal slope for all radial sections were also fit with a circle (not illustrated in Fig. 2 ).
Changes in overall retinal thickness
Although the Spectralis HRA þ OCT can align inter-session scans to track changes in retinal thickness, significant changes in relative retinal magnification with age precluded using the eye tracking system to register images across scanning sessions. Instead, commercial software using a generalized dual bootstrap, iterative closest point algorithm (i2k retina, DualAlign, LLC, Clifton, NY) was used to align the 30 SLO fundus images from successive scans and the associated total retinal thickness maps (Fig. 3AeE ). Average total retinal thickness was computed for superior, inferior, nasal and temporal regions for sectors, 0e50 mm, 50e100 mm, 100e250 mm, 250e500 mm, 500e750 mm, 750e1000 mm, 1000e1250 mm, and 1250e1500 mm from the fovea center (Fig. 3E ).
Average thickness measures for sectors were computed only when greater than 75% of the sector overlapped the raster scan derived Pit characteristics were determined using interpolated thickness data from the total thickness maps. For example, the top plot illustrates the thickness profile for a horizontal radial section through the thickness map as illustrated by the black line though A. Along with the thickness profiles from radial sections centered on the pit, slope data (bottom B) were used to determine pit characteristics and construct a skeleton to describe pit morphology. The dashed lines in B indicate the maximal slope location and top of pit location. C. Illustrated are the thickness map along with a skeletal reconstruction of the pit, including points used to fit the top and bottom of the pit. Fig. 3 . Top row: Registered SLO images and corresponding total retinal thickness maps for one animal (A -33 days, B -67days, C -137days, D -468 days, and E -649 days of age). Each scan is in registration, and the montaged IR-SLO image is illustrated in F. Bottom row GeJ: Change in total retinal thickness compared to baseline measures at 33 days of age. The series illustrates the increase in total retinal thickness in the central foveal region with age. Notice that as the animal ages, the portion of the retina imaged also increases. A scaled grid was used to determine average thickness measures within quadrants of concentric circular regions were used to determine overall retinal thickness changes with age. thickness map. In addition, a difference map was created by subtracting thickness values from baseline scans, and average sector thickness measures were recorded (Fig. 3GeJ) .
Correspondence of OCT imaging and retinal histology
Several comparative studies have been done to relate OCT Bscan layers to those seen histologically, and overall there is fair agreement between these studies with similar retinal layer identification across species (Abbott et al., 2009; Anger et al., 2004; Drexler and Fujimoto, 2008; Dubis et al., 2012; Gloesmann et al., 2003; Huang et al., 1998; Toth et al., 1997) . Because changes in anatomy have been shown to occur histologically, it was important to validate the light reflectivity profile methods used to aid in identifying retinal layers. For this experiment, 2 animals, one 10 days old, and the other 6 years of age were scanned using OCT and subsequently the eyes were enucleated for histological processing. After dissecting the anterior segment, the posterior eye cup was placed in 2% paraformaldehyde and 1% glutaraldehyde, postfixed in osmium tetroxide and embedded in resin. Serial sections were then cut from the foveal region, stained with cresyl violet and imaged. For the best corresponding histological and OCT sections, layers within the retina were manually segmented, and using an iterative cross correlation, the best correspondence of layers was then determined. Although a naming convention has been established for OCT bands (Staurenghi et al., 2014) , for consistency and comparison, the outer retinal layers (i.e. myoid zone and ellipsoid zone), were labeled as they have been in previous infant OCT studies. OCT scans, along with longitudinal reflectivity profiles, and histological correspondence from the two animals was used as a reference for analysis of all longitudinal datasets.
Retinal layer thickness measurements
Although segmentation algorithms can be used to delineate and quantify thickness measures, these often make errors, and most apply smoothing. Hence, to quantify small changes in thickness manual segmentation in targeted small regions was performed for this study. Specifically, the thickness of individual retinal layers were measured at the center of the pit and at eccentricities of 87 microns, 175 microns, and up to 1225 microns in 175 micron steps. A total of 89 locations along six radial regions corresponding to clock hours through the fovea center were sampled (Fig. 4) . To decrease bias retinal layer thickness measures were performed after all data collection had been completed, and each of the locations was randomly presented for analysis.
For each location, a B-scan section corresponding to 75 pixels on either side of the region of interest was interpolated from the raster volume data at one of six radial orientations. This B-scan and the longitudinal reflectivity profile (Fig. 4C ) through the region of interest were enlarged by a factor of six using bilinear methods to assist with accurate layer identification. The average layer thickness at each eccentricity was used for data analysis. All plots were created using MATLAB, or SigmaPlot (Systat Software, Inc, San Jose, CA), while all statistical analyses were performed using SPSS (IBM, Armonk, NY) and corrected for multiple comparisons. To determine the function that best described changes during the period studied, data from each subject were fit using both linear and non-linear functions. In general, linear, piecewise linear, and a three parameter exponential rise to maximum function (y ¼ a þ b(1Àexp Àcx ))
were used to fit the majority of data. Data were binned in 30 day intervals and repeated measures ANOVA with Bonferonni's correction for multiple comparisons were used to determine timepoints at which there were significant changes in thickness. ANOVA was used to determine thickness differences between retinal thickness measures across eccentricities.
Results
Over the period studied, a total of 195 scans were acquired and used for data analyses, for the 16 infant rhesus monkeys. The animals all maintained good systemic and ocular health during the period studied, with no major illnesses, ocular injuries or retinal pathology noted.
Retinal scaling
Changes in relative retinal image size were best described using a three surface schematic eye. This scaling methodology was validated with predicted scaling changes as determined by image registration of both the fovea and optic nerve IR SLO scans (slope ¼ 1.003, intercept ¼ À1.958, R 2 ¼ 0.88, p < 0.01, Fig. 1C 
Pit morphology
The foveal pit depth decreased by 25 mm (14.6% from baseline) over the period studied. The group data were fit with an exponential decay model (Pit Depth ¼ 145.8 þ 43.8 Â exp(-0.015 Â Age in Days), R 2 ¼ 0.24, p < 0.01, Fig. 5A ). Repeated measures ANOVA using Greenhouse-Geisser estimates for sphericity indicated a significant change in depth over the first 150 days of age (F ¼ 21.56, p < 0.01), corresponding to a time point when average pit depth was 150.4 mm.
The decrease in pit depth should result in corresponding changes in the width of the foveal pit. Although there was a trend in a widening of the pit at the top and narrowing at the bottom, neither the best fit for the top of the pit radius (p ¼ 0.28) or the bottom of the pit radius (p ¼ 0.07) was statistically significant.
Total retinal thickness
Corresponding with changes in pit depth, the average retinal thickness for measures in the surrounding 500 mm of the pit increased up to 120 days of age (Table 1) , with the largest change of 33±9 mm (19 ± 6%, Figs. 6A and 7) noted within the central 50 mm (Repeated measures ANOVA, F ¼ 26.4, p < 0.01). An analysis of the four quadrants, superior, inferior, nasal, and temporal, did not indicate any statistically significant difference in thickness change at eccentricities up to 1500 mm from the pit center when corrected for multiple comparisons (Fig. 6B, Table 2 ). Hence, for subsequent analyses of individual retinal layers, only the average layer thickness at each eccentricity was used. To illustrate changes in thickness, for the total retinal thickness (Fig. 6C) or individual retinal layers (Figs. 8 and 9 ), associated with eccentricity and age, a mean thickness plot was constructed using the surface fitting tool in MATLAB (Lowess fitting, Polynomial ¼ linear, Span ¼ 0.1, Robust ¼ Bisquare).
Retinal layer thicknesses
Thickness measures for the retinal pigment epithelium (RPE) were best fit using a nonlinear piecewise, two segment function, where thickness measures increased for the first 289 ± 24 days of age followed by a steady decrease that continued until the end of the study. Although the maximum thickness change based on the fit is relatively small in magnitude, it was statistically significant at all eccentricities (Repeated measures ANOVA, F > 2.6, p < 0.04, Fig. 8 ).
At baseline, the outer segment layer was thickest within the center of the pit, measuring an average of 33.3 ± 4.5 mm (F ¼ 19.6, p < 0.01, Fig. 9A and B) . For descriptive purposes, the age-related change in thickness was best fit using an exponential rise to maximum function. The average age to reach 90% of maximal thickness, was used to compare the maturational rates across the regions analyzed. For the center of the fovea, the average age to reach 90% of the maximal outer segment layer thickness was 73.1 ± 37 days (Data for all eccentricities along with repeated measures ANOVA are reported in Table 3 ). Although the animals all had similar changes in thickness over the period studied, they matured at different rates as demonstrated by the large standard deviations for thickness measures at baseline (4.53 mm at center of the pit), and for the time to reach 90% thickness (SD ¼ 37.6 days at center of the pit). The thickness of the inner segment/outer segment (IS/OS) junction increased over the first hundred days, followed by a gradual reduction in thickness up to around 400 days after birth (Fig. 9D) . The data for each animal and grouped data for each eccentricity was best fit using a five parameter Weibull function (Fig. 9C) . Overall, there was a significant decrease in IS/OS thickness at all eccentricities averaging 3.4 ± 2.6 mm (Repeated measures ANOVA, F > 16.1, p < 0.01). Although the central fovea showed a greater reduction in thickness (4.2 ± 2.6 mm), compared to measures at an eccentricity of 1.2 mm (3.2 ± 2.5 mm), the difference was not statistically significant (p ¼ 0.17).
Similarly, the mean thickness of the inner segment layer gradually increased by 4.06 ± 2.1 mm across all eccentricities measured (Fig. 9F) . Generally, the thickness of this layer increased up to a year or age (mean ¼ 381.2 days), after which the thickness showed a slight thinning (Figs. 2e9E&F) . Table 4 summarizes the change in thickness, time to reach maximal thickness, along with the repeated measures ANOVA statistic for each eccentricity.
The outer nuclear layer, within 525 mm of the pit center, had the largest increase in thickness during early post-natal maturation.
The increase in thickness (mean ¼ 25.37 mm, repeated measures Table 5 ). Thickness changes for each animal were best fit using an exponential rise to maximum function, which reached 90% of maximal thickness within the pit at 140 ± 52 days of age. The age to reach 90% of maximal thickness, was less for increasing eccentricities. The change in outer plexiform layer thickness with age was only statistically significant at 350 mm from the center of the pit (repeated measures ANOVA ¼ 2.6, p ¼ 0.03). However, the change was only at one eccentricity, and was relatively small in magnitude measuring only 3.75 ± 2.5 mm. Similar to the outer plexiform layer, a slight yet significant change was noted for the inner nuclear layer, inner plexiform layer, and ganglion cell layer within the 350 mm eccentricity region. The inner nuclear layer had significant changes with age at only the 350 mm and 525 mm eccentricities, both showing a linear increase in thickness over the period examined. At 350 mm, the inner nuclear layer increased by 3.32 ± 2.3 mm, while at 525 mm the increase measured only 2.52 ± 2.0 mm. The inner plexiform layer within 350 mm of the pit had increased in thickness, while thinning of this layer was noted outside this region. For eccentricities greater than 350 mm, the thickness of the INL showed a two-phase thickness change. From baseline the thickness decreased (at 350 mm, 2.7 ± 0.8 mm at 120 days of age), followed by a transient increase around day 256 ± 24 (at 350 mm, an increase of 2.1 ± 0.5 mm when compared to 120 days of age). Similar to the changes in the inner plexiform layer, the ganglion cell layer showed a slight, increase in thickness with age within 350 mm of the pit, while a decrease in thickness was noted at further eccentricities. At the 350 mm eccentricity, the ganglion cell layer thickness increased by 2.7 ± 0.8 mm. In adult eyes the retinal nerve fiber layer is relatively thin in the macula region, but statistically significant changes at 175 mm (4.7 ± 1.3 mm, p < 0.01) and 350 mm (3.61 ± 0.7 mm, p < 0.01) eccentricities, following similar timelines to the ganglion cell layer, were noted in the current study (Supplemental Fig. 1 ).
Discussion
Although all retinal neural cells responsible for central vision are present at birth (Hendrickson and Kupfer, 1976; Kirby and Steineke, 1996; La Vail et al., 1991; Rapaport et al., 1996) , high contrast spatial resolution is relatively poor (5 cpd) in infant primates (Boothe et al., 1985; Kiorpes and Movshon, 1989; Ordy et al., 1965) . The rapid improvement in visual acuity over the first year of life has been attributed to both ocular and cortical factors (Banks and Bennett, 1988; Brown et al., 1987; Jacobs and Blakemore, 1988; Kiorpes et al., 2003; Movshon et al., 2005) . The current knowledge on retinal maturation during this period has been based on histological data (Hendrickson and Kupfer, 1976; Kiorpes et al., 2003; Packer et al., 1990) for each quadrant at the eccentricities illustrated in Fig. 3E . C. A surface plot illustrating changes in average thickness as a function of age and eccentricity up to 500 mm. Maldonado et al., 2011; Rosen et al., 2015; Vajzovic et al., 2012; Vinekar et al., 2015) . However, variability between individuals (Curcio et al., 1987) makes it difficult to establish accurate timelines, especially for subtle and small changes in morphology. In this prospective study, non-invasive in vivo OCT imaging during postnatal maturation was used to investigate changes in retinal image size and fovea characteristics from repeated measurements on infant rhesus monkeys.
The use of OCT measurements on a growing eye requires accurate compensation for the changes in transverse magnification associated with changes in axial length and the optical power of the cornea and crystalline lens. The three surface schematic eye constructed for calculations of retinal image size was verified by comparison to scaling changes required to obtain accurate image registration (Fig. 1) . In addition, the retinal image size for an average adult eye of the macaque monkey based on this model, was calculated as 215 mm/deg, which is similar to angular sizes previously reported (Lapuerta and Schein, 1995; Perry and Cowey, 1985; Rolls and Cowey, 1970) . Over the period studied, the retinal image size increased by an average of 47 ± 16 mm/deg, or 28 ± 9%, with a resulting optical increase in the Nyquist limit. In addition, there was also significant changes in foveal pit morphology and neuronal densities within the central retina that also affect visual resolution.
The important changes in fovea pit morphology involved an increase in total retinal thickness within the foveal pit (65 mm) with a corresponding decrease in pit depth (44 mm). Although this decrease in pit depth should result in a change in pit width, a change in the best fit radius to the top or bottom of the pit was not noted. This discrepancy could be because the shape of the retina was not taken into account for these calculations, and the eye continues to lengthen during this time. The increase in retinal radius of curvature with axial elongation could not be accounted as the instrument applies proprietary non-linear functions to compensate for instrument and ocular optics that were not available at the time of analysis, and other imaging modalities such as MRI or b-scan ultrasound were not acquired. In general, the majority of changes in pit depth and thickness which occurred within the first 120e150 days of age, were in agreement with the histological studies in the rhesus monkey where pit measures are shown to be adult like at 3e5 months of age (Hendrickson and Kupfer, 1976; Packer et al., 1990; Springer and Hendrickson, 2005) . . Scaled SD OCT images for six subjects at baseline (left) and endpoint (right) through the fovea center. A well defined foveal pit is seen in all animals at the first scan session. The overall shape of the foveal pit does not change, but there is an increase in outer retinal thickness on the endpoint scans.
Table 2
Change in overall average retinal thickness in the first 20 months of life (n ¼ 16 animals). As indicated by the p values in the left column, changes in quadrant thickness over time for the regions investigated were not statistically significant. The increase in retinal thickness within the pit region follows a similar timeline to changes in the depth of the pit (Figs. 5e7) . Such increases in thickness could indicate either an increase in the cell size or cell quantity, but cannot be explained by cell mitosis because the majority of neuronal cells within the central and peripheral retina are differentiated by embryonic day 150 in the Macaca mulatta (La Vail et al., 1991; Rapaport et al., 1996) . Hence, this thickness increase is best explained by the centripetal cell migration and changes in cell morphology that were previously shown by histologic observations of age-related increases in photoreceptor cell density and of increasing lengths of the inner and outer segments of cones within the fovea (Curcio and Hendrickson, 1991; Hendrickson and Kupfer, 1976; Packer et al., 1990; Springer, 1999; Springer and Hendrickson, 2004a, 2005) .
The majority of retinal thickness increase in the foveal pit occurs from changes in the outer nuclear layer, with a similar timeline to that of total retinal thickness, i.e., the rate of change (c) for the best fit exponential function (y ¼ a þ b(1Àexp Àcx )) was similar for both total retinal thickness (0.015) and outer nuclear layer (0.014). In addition, the majority of thickness increase for both total retinal thickness and outer nuclear layer is in the central 1 mm of the fovea. Because it contains the cell bodies for photoreceptors, the increase in outer nuclear layer thickness is consistent with an increase in cone density during the period studied. Specifically, included in this area is the 15e20 mm region of highest cone density of 180,000 to 261,000 cones/mm 2 , which drops off exponentially with increasing eccentricity (Curcio and Hendrickson, 1991; Packer et al., 1989 Packer et al., , 1990 Springer and Hendrickson, 2005) .
There is a discrepancy in thickness measures of the outer nuclear layer using in vivo methods (81.9 ± 11.1 mm within the center of the fovea, at 1.5yrs of age) versus those reported in histological sections (<70 mm) (Springer and Hendrickson, 2004b) , which is also evident in side-by-side comparisons of histological sections and OCT scans from identical locations of the same animal (Fig. 4A) . The incongruity is likely a result of the methodology used for layer identification and characteristics of OCT imaging. Specifically, for OCT scans that are on-axis with the optics of the eye, the border distinction between the outer nuclear layer and Henle's fiber layer is significantly diminished (Lujan et al., 2010; Otani et al., 2011) . Hence, the increased outer nuclear layer thickness is a result of including portions of Henle's fiber layer. This is also evident by a localized peak sometimes found within the outer nuclear layer band of the reflectivity profile in well aligned scans (Fig. 4C ) that is probably the junction between the outer nuclear layer and Henle's fibers. Nonetheless, the outer nuclear layer measured in OCT scans within the pit center should correspond to increases in peak cone density.
In addition to changes in the outer nuclear layer, there are also significant changes in both outer and inner segment layers, but these layers follow different time courses (Fig. 9) . For example, the outer segment layer thickness changed at greater than twice the rate of the outer nuclear layer, while changes in inner segment layer thickness were linear with age up to a year after birth. Although the outer segment layer was thickest in the pit region, the change in thickness was similar at all eccentricities measured. These results are in general agreement with histological observations of increase in photoreceptor outer segment length during the first two years after birth (Hendrickson and Kupfer, 1976) . Similar to histological reports, the OCT measures reported are assuming scans were acquired on axis with the eye, with minimal or no tilt in the imaging plane.
During the period after birth there is a significant narrowing and lengthening of the photoreceptor outer segments (Yuodelis and Hendrickson, 1986) . These changes, especially the lengthening of the photoreceptor allows for more efficient photon capture (Wilson, 1988) . For the present study, the cone outer segments at the center of the fovea pit increased in length from 28 mm at 30 days of age to 38 mm at 360 days of age. Based on photon capture probability equations (p ¼ 1 -e (Àx/24.8) , where x is the length of the outer segment), this change in thickness would increase photon capture by only a factor of 1.16. Thus, although the increase in photon capture cannot explain the observed change in contrast sensitivity functions (Boothe et al., 1988) , the timelines for the changes in outer segment thickness and peak contrast sensitivity are very similar.
The inner segment of the photoreceptor in OCT images consists of a portion commonly referred to as the IS/OS junction and the thickness up to the external limiting membrane. Through comparative histology studies, the IS/OS junction is thought to include the ellipsoid and myoid of the photoreceptors (Anger et al., 2004; Fernandez et al., 2008) . That this OCT band is more than just a junction is supported by the significant thickness changes noted within the first year of life. Specifically, the IS/OS layer increases in thickness up to 120 days, followed by a gradual decrease and stabilizing after a year of age. The transient increase in thickness peaking at around 120 days of age may represent an increase in Fig. 8 . At each eccentricity, the RPE thickness measured increased linearly, reaching peak thickness just prior to a year of age. Thickness after this point decreased linearly. A.
Changes in RPE thickness are illustrated for each animal at 700 mm eccentricity. The best fit to the data illustrates an increase in thickness till around 289 days of age followed by a reduction in thickness. B. Differences in thickness with age and eccentricity illustrate this trend with age at each eccentricity. The horizontal line through the plot illustrates the location for data presented in plot A. Fig. 9 . Outer retinal layers including the outer segments, inner segment/outer segment junction, inner segment, and outer nuclear layer, have significant changes in thickness with age. Plots A, C, E, and G, illustrate thickness changes for each of the 16 animals at an eccentricity of 87 mm. Although each of these layers show significant change in thickness, they all mature at different rates, with the outer segment layer thickness stabilizing at an earlier time point. Plots B, D, F, and H illustrate the relationship between thickness, eccentricity and age for each of the layers. The horizontal line through the plots indicate the location of the sampled data in A, C, E, and G. metabolic demand as the photoreceptors migrate, lengthen and mature. The inner segment layer measured from the IS/OS junction to the external limiting membrane increased linearly with age up to around 360 days after which a slight decrease in thickness was noted. The maximum thickness of 25.5 mm at the center of the pit is only slightly less than the inner segments length reported using histological methods (26e30 mm) (Hendrickson and Kupfer, 1976) .
The thinner inner segment layer measures may represent the oblique orientation of these structures within the fovea and the exclusion of the IS/OS junction.
Similar to the inner segment layer, the retinal pigment epithelium also increased in thickness up to 300 days after birth. These changes corresponded with an increase in retinal pigmentation that although not quantified are clearly demonstrated in the reduced resolution of choroidal and deeper structures on OCT Bscans with age (Fig. 7) . The piecewise fit used to describe changes in this layer could represent changes in metabolic activity associated with maturation and photoreceptor migration. However, the current data cannot be used to determine if there is an associated increase in retinal pigment epithelial cell density within the period studied.
None of the OCT images from animals of any age provided evidence of an inner nuclear, inner plexiform, or ganglion cell layer within the central pit region. Although ganglion cells within the fovea have been reported in some non-human primates (Fukuda et al., 1989; Grunert et al., 1993; Leventhal et al., 1993) , this layer was not evident in the Macaca mulatta, although the inability to visualize sparse cells in the infants may be a consequence of the resolution limits of OCT imaging. For the period studied, biomechanical theories on pit maturation using FEA stretch models (Springer and Hendrickson, 2005) would predict a transient thinning of the inner retinal layers within the fovea. Overall, such changes were not measured, during the period studied. Significant thickness changes within the inner retina were confined to a specific retinal layers and eccentricities and common maturational patterns could not be discerned. The minimal changes in the inner retinal layers during foveal maturation would indicate a large displacement between the photoreceptors that have migrated towards the fovea and the location of the ganglion cells receiving its signal. Specifically, although the outer nuclear layer increased in thickness at all eccentricities, the most significant changes were those inside 875 mm, which implies a constraint on the maximal possible displacement of inner retinal neurons, including ganglion cells, that receive input from a photoreceptor. This measure corresponds well with a peak displacement, from inner segment to ganglion cell, of 637 mm measured in human retinas (Drasdo et al., 2007) .
There are several differences in the results presented and those from OCT based human foveal development studies in infants (Dubis et al., 2012; Lee et al., 2015; Maldonado et al., 2011; Vinekar et al., 2015) . Specifically, in preterm and term human infants, the foveal pit region has OCT bands indicating inner retinal components, whereas in the rhesus monkey, no evidence of ganglion cell layer or inner nuclear layer was seen on OCT imaging. One reason for the difference could be that animals in the present study were already a month old when the first scan was acquired on them (36 ± 6 days after birth, n ¼ 16). However, even the 10 day old infant scanned had a well-defined foveal pit, with no inner retinal OCT bands (Fig. 4A) . In fact, c-scan images aligned to the ILM generated from high density OCT scans through the fovea and optic nerve on this infant showed adult like nerve fiber layer arcades and a fairly circular foveal pit region (supplemental video). These observations on OCT are consistent with previous histological sections from 1 day old eyes that show scant inner retinal cells in the fovea of a Macaca, while human and marmoset eyes have a foveal region, but with inner nuclear and ganglion cell layers also present . Supplementary video related to this article can be found at http://dx.doi.org/10.1016/j.exer.2017.07.018.
When comparing the results of the present study to those from a large cross sectional human infant cohort, the general timelines for central foveal pit total retinal thickness, photoreceptor and RPE in human infants are similar (Lee et al., 2015) . Hence, for acuity and contrast maturation, the study predictions would be similar. However, whereas changes in inner retinal layers in the peri and para fovea are shown in human infants (Lee et al., 2015; Maldonado et al., 2011) , only minimal change in these layers was noted in the present study. This discordance could be a reflection of interspecies differences in; 1) foveal development timelines and/or, 2) how OCT images were scaled, and the accuracy of scaling. The longitudinal data collected in the present study allow for accurate and precise, scaled measures that provide relative timelines for OCT band development. These timelines can be useful for monitoring age adjusted maturation of the fovea in human infants, or to establish the effects of ocular intervention/treatment on this area of high acuity.
There are several limitations to this study. To ensure good animal health for all studies, the first scan session on animals was around one month after birth. At this time point, based on prior histological work (Hendrickson, 1992 (Hendrickson, , 1993 Hendrickson and Kupfer, 1976; Hendrickson and Provis, 2006) , the foveal region has already changed since birth. Although OCT imaging can be used to quantify retinal layer thickness, current systems are not able to resolve cellular detail. With technological advances, it is possible that future studies will be able to non-invasively investigate the retinal at the cellular level (Jonnal et al., 2016) . Such studies will provide useful insight not only to neural maturation, but also in mechanisms that are needed for neural regeneration. While the main purpose of this study was to investigate changes in the fovea, the peripheral retina was not investigated (Hendrickson and Provis, 2006) .
In conclusion, using OCT in vivo imaging, detailed timelines for post-natal anatomical maturation of the retina were achieved. In general, these structural changes followed similar timelines to those noted for function measures. However, significant differences in the magnitude of change are clearly evident. With advances in non-invasive imaging technologies, future studies will provide useful information on structural and functional changes in the central and peripheral retina.
